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Abstract

Background HER2-positive breast cancer occurs in 15-20% of breast cancer patients and is characterized by poor
prognosis. Trastuzumab is considered the key drug for treatment of HER2-positive breast cancer patients. It improves
patient survival; however, resistance to trastuzumab remains a challenge in HER2-positive breast cancer patients.
Therefore, the prediction of response to trastuzumab is crucial to choose optimal treatment regimens. The aim of the
study was to identify genetic variants that could predict response to anti-HER2-targeted therapy (trastuzumab) using
next-generation sequencing.

Method Genetic variants in the hotspot regions of 17 genes were studied in 24 Formalin-Fixed Paraffin-Embedded
(FFPE) samples using lon S5 next-generation sequencing system. FFPE samples were collected from HER2-positive
breast cancer patients previously treated with anti-HER2-targeted treatment (Trastuzumab). Patients were divided
into two groups; trastuzumab-sensitive group and trastuzumab-resistant group based on their response to targeted
therapy.

Results We identified 29 genetic variants in nine genes that only occurred in trastuzumab-resistant patients and
could be associated with resistance to targeted therapy including TP53, ATM, RB1, MLH1, SMARCB1, SMO, GNAS, CDH]1,
and VHL. Four variants out of these 29 variants were repeated in more than one patient; two variants in TP53, one vari-
ant in ATM gene, and the last variant in RB7 gene. In addition, three genes were found to be mutated only in resistant
patients; MLH1, SMARCBT and SMO genes. Moreover, one novel allele (c.407A > G, p. GIn136Arg) was detected within
exon 4 of TP53 gene in one resistant patient.

Conclusion NGS sequencing is a useful tool to detect genetic variants that could predict response to trastuzumab
therapy.
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Introduction

Breast cancer is the most common cancer and the first
cause of cancer deaths in females worldwide [1]. In 2020,
there were 2.26 million newly diagnosed cases accounting
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HER?2 overexpression occurs in approximately 15-20%
of breast cancer cases [2]. HER2-positive breast cancer is
characterized by a high histological grade, a high risk for
metastasis, and therefore a worse prognosis [3]. However,
anti-HER2-targeted drugs, such as trastuzumab, pertu-
zumab, and lapatinib, can block HER2 activity reducing
tumor aggressiveness and improving patient survival [4].
They are typically given with chemotherapy as neoadju-
vant or adjuvant treatment for HER2-positive breast can-
cer [5].

The response to anti-HER2-targeted therapy was found
to vary among patients with the presence of patients who
relapse or develop metastasis during therapy [6]. There-
fore, prediction of response to HER2-targeted therapy is
crucial to avoid undesirable side effects and for choosing
more effective alternatives for patients [7].

HER2-positive breast cancer results from the interplay
between genetic and lifestyle/environmental risk factors
[8]. Genetic determinants can explain the resistance of
some patients to anti-HER2 therapy [9]. Many genetic
mutations in HER2 downstream signaling pathways
were identified to confer drug resistance as mutations in
PI3K, Akt, and PDK genes [10]. Mutations in DNA dam-
age repair pathways were also investigated for associa-
tion with treatment response such as PTEN, TP53, ATM,
STK11, and RBI [11-15].

Therefore, studying genetic variants in tissue samples
of breast cancer patients will aid in individualizing ther-
apy with better outcomes [9]. Next-generation sequenc-
ing allows multiple parallel sequencing of several genes
at same time [16]. While genome-wide analysis has the
most significant role in the classification of breast can-
cer, targeted sequencing gives deeper coverage through
reducing the number of analyzed genes [17, 18]. Targeted
sequencing can be used to investigate hotspot cancer-
driver mutations in breast cancer and thereafter study
mutations that affect signaling pathways conferring anti-
HER?2 drug resistance [11, 19]. Therefore, we aimed in
this study to survey genetic variants in HER2-positive
breast cancer patients that may be associated with anti-
HER2 drug (trastuzumab) resistance.

Subjects and methods

This study is a retrospective study, in which formalin-
fixed paraffin-embedded tissues (FFPE) samples were
collected between December 2020 and December 2021
from 24 HER2-positive breast cancer patients treated
with anti-HER2-targeted therapy (trastuzumab), after
approval of Alexandria Ethics Committee of Faculty of
Medicine. The patients were recruited from Clinical
Oncology and Nuclear Medicine Department at Alex-
andria Main University Hospital. Cases were divided
into two groups; trastuzumab-sensitive group and
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trastuzumab-resistant  group. Trastuzumab-sensitive
group included 12 patients in complete remission for
2 years or more from the start of anti-HER2-targeted
therapy. Trastuzumab-resistant group included patients
who relapsed or developed metastasis during receiving
or within 2 years of the targeted therapy. Patients with
metastatic breast cancer at the time of diagnosis were
excluded from the study. The positivity of HER-2 neu sta-
tus was determined using immunohistochemistry (IHC)
and fluorescence in situ hybridization. IHC was per-
formed on paraffin-embedded tissue samples to evaluate
hormone receptor (HR); estrogen (ER) and progesterone
(PR). Informed consents were obtained from all enrolled
patients in the study.

DNA extraction

DNA was extracted from FFPE tissue samples using
QIAamp DNA FFPE Tissue Kit (QIAGEN, Germany).
The concentration of DNA was determined using Qubit
1X dsDNA HS (High Sensitivity) Assay with Qubit" 4
Fluorometer (ThermoFisher Scientific, USA) according
to the manufacturer’s recommendations.

Library preparation

DNA libraries were constructed from 10 ng genomic
DNA per sample using the Ion AmpliSeq " Library Kit
Plus (ThermoFisher Scientific, USA) according to the
manufacturer’s protocol to study approximately 1500
COSMIC mutations from 17 oncogenes and tumor
suppressor genes (ATM, RBI, MLHI, NPM1, STK1l,
CDKN2A, TP53, SMARCBI, VHL, CDH1, EZH2, IDH]1,
IDH2, GNA11, GNAS, GNAQ, and SMO).

Ion Xpress Barcode Adapters Kit (Thermo Fisher
Scientific, USA) and AgencourtvrM AMPure” XP Rea-
gent (Beckman Coulter, USA) were used for amplicons
adaptors ligation and purification to ensure that each
individual sample had a unique ID. The final amplicon
libraries were quantified using Ion Library TaqMan'"
Quantitation kit (Thermo Fisher Scientific, USA) accord-
ing to the manufacturer’s instructions and were equalized
to~100 pM and then combined to form one library pool.

Emulsion PCR and sequencing

The Ion 520™ and Ion 530" Kit—OT2 (Thermo Fisher
Scientific, USA) was first used to prepare enriched, tem-
plate-positive Ion Sphere™ Particles (ISPs) using the Ion
OneTouch™ 2 System (Thermo Fisher Scientific, USA)
according to the manufacturer’s protocol. The enriched,
template-positive ISPs were then loaded on Ion 520"
Chip (ThermoFisher Scientific, USA) and sequenced
using Ion S5 next generation sequencing system (Ther-
moFisher Scientific, USA).
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Bioinformatic analysis

Torrent Suite” Software (ThermoFisher Scientific, USA)
was used to plan and monitor sequencing runs, view
sequencer activity, and analysis of barcode reads, align-
ment of reads to hgl9 reference genome; and generation
of run metrics to determine the quality of the run. Ion
Reporter’ Software (ThermoFisher Scientific, USA) was
used for the annotation of single-nucleotide, insertions,
deletions, and splice site alterations. All genetic variants
with a minimum depth of coverage of 30 X were included
in the study. Allelic frequency ranged from 1.01 to 11.6%.

Statistical analysis of the data

Data were analyzed using IBM SPSS software pack-
age version 20.0. (Armonk, NY: IBM Corp). Qualitative
data were described using number and percent. Chi-
square test was used for categorical variables, to compare
between different groups. Fisher’s Exact or Monte Carlo
correction for chi-square was used when more than 20%
of the cells have an expected count less than 5. The Sha-
piro—Wilk test was used to verify the normality of dis-
tribution. Quantitative data were described using range
(minimum and maximum), mean +standard deviation.
Student t test was used for normally distributed quanti-
tative variables, to compare between two studied groups.
Significance of the obtained results was judged at the 5%
level.

Results

Patient characteristics

The age of trastuzumab-sensitive HER2-positive breast
cancer patients ranged from 35 to 61 years old, while
age ranged from 36 to 60 years old in trastuzumab-resist-
ant group. The predominant histopathological subtype of
breast cancer was infiltrating ductal carcinoma (100% of
patients). Meanwhile, ER—, PR—, HER2+ breast cancer
was the most common molecular subtype in both sen-
sitive group and resistant group; representing 50% and
66.7% of patients, respectively. No significant difference
was found between both groups as regards age, tumor
stage, grade and lines of treatment. All demographic and
clinicopathological data are summarized in Table 1.

Genetic variants in HER2-positive breast cancer patients

A total of 107 genetic variants in 11 genes were identi-
fied in 19 HER2-positive breast cancer patients. Most of
the genetic variants (59.8%) were identified in TP53 gene,
followed by VHL (11.2%), and ATM (9.3%) (Fig. 1). No
mutations were identified in six genes (NPM I, CDKN2A,
EZH2, IDH2, GNA11, and GNAQ). The mutation fre-
quency ranged from 2 to 13 variants per patient with a
mean of 5 variants.
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The mutational prevalence of the studied genes among
patients varied widely from 62.5 to 0%. The most fre-
quently mutated gene was TP53 in 62.5% of the patients,
followed by ATM (29.2%), VHL (20.8%), and IDHI
(20.8%) (Fig. 2).

Seven genes were identified to be mutated in both tras-
tuzumab-sensitive and trastuzumab-resistant patients
(ATM, CDHI, GNAS, IDHI, RB1, TP53, and VHL).
STK11 gene was mutated only in the sensitive group. On
the other hand, MLH1, SMARCBI, and SMO genes were
only mutated in the resistant group (Fig. 3).

SNV in trastuzumab-sensitive and trastuzumab-resistant
patients

A total of 57 genetic variants were identified in eight
genes (ATM, CDHI, GNAS, IDHI1, RBI1, STK11, TP53,
and VHL) in ten trastuzumab-sensitive patients (83.3%).
While, in trastuzumab-resistant group, a total of 50
genetic variants were identified in ten genes (ATA,
CDHI1, GNAS, IDH1, MLHI, RB1, SMARCBI, SMO,
TP53, and VHL) in nine patients (75%). The most fre-
quently mutated gene was TP53 in both groups followed
by VHL in trastuzumab-sensitive patients and ATM in
trastuzumab-resistant group (Figs. 4, 5) (Additional file 1:
Tables S1, S2).

Missense variants were the most common variant type
in both sensitive and resistant groups accounting for
63.2% and 76% of variants, respectively. We also found
77.1% of TP53 variants in the sensitive group were mis-
sense variants, followed by nonsense variants (8.6%), syn-
onymous variants (5.7%), frameshift variants (5.7%), and
indels (2.9%). TP53 variants were located mainly within
exon 6, exon 7, and exon 4, respectively. In trastuzumab-
resistant group, 75.9% of TP53 variants were missense
variants, followed by frameshift variants (10.4%), splice-
site variants (6.9%), synonymous variants (3.4%), and
indels (3.4%). They were located mainly within exon 6,
exon 7, exon 4, and exon 9, respectively (Additional file 1:
Tables S3, S4).

Regarding clinical significance, pathogenic vari-
ants were the most common variants in HER2-positive
breast cancer patients accounting for 28.1% of variants in
the sensitive group and 34% of variants in the resistant
group. Meanwhile, likely pathogenic variants accounted
for 12.3% of variants in the sensitive group but 20% of
variants in the resistant group (Figs. 6, 7). Similarly, TP53
pathogenic and likely pathogenic variants together were
the most common variants in 7P53 gene in both groups.
They accounted together for 34.2% of variants in the sen-
sitive group and almost half of variants (48.3%) in the
resistant group (Additional file 1: Tables S5, S6).
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Table 1 Clinicopathological data for HER2-positive breast cancer patients

Parameters

Trastuzumab-sensitive cases (n=12)

Trastuzumab-resistant cases (h=12) p

Age (years) at initial diagnosis,

Min-max 35.0-61.0

Mean+5SD 4942+935
Hormone receptor status at diagnosis

ER—, PR+, HER2+ 1(8.3%)

ER—, PR—, HER2+ 6 (50%)

ER+, PR—, HER2+ 0 (0%)

ER+, PR+, HER2+ 5(41.7%)
TNM stage

| 2(16.7%)

Il 6 (50%)

Il 4(33.3%)
Grade

Grade | 0 (0%)

Grade [l 6 (50%)

Grade lll 6 (50%)
Clinical course

Disease free 12 (100%)

Local relapse -

Non-visceral metastasis (bone) -

Visceral metastasis (lung and brain) -

Death -
Lines of therapy

Anti-HER2-targeted therapy

Trastuzumab (herceptin) 12 (100%)

Chemotherapy: Doxorubicin (adriamycin)/cyclophos- 12 (100%)

phamide, Paclitaxel (taxol), and/or Docetaxel (taxotere)

Hormonal therapy 6 (50%)

36.0-60.0
50.17£831

0.837

0%) 0.521

0.365

12 (100%)
12 (100%)

1.000
1.000

4(33.3%) 0.680

p p value for comparing between the two studied groups

SNV associated with targeted therapy response

By comparing the genetic variants in the sensitive group
to the resistant group, we identified 29 variants in nine
genes (ATM, CDHI, GNAS, MLHI1, RB1, SMARCBI,
SMO, TP53, and VHL) in nine patients that only occurred
in trastuzumab-resistant patients and could be associated
with resistance to trastuzumab therapy; nine pathogenic
variants, five likely pathogenic variants, seven variants
with uncertain significance, four likely benign variants,
one benign variant, two with conflicting interpretation
with pathogenicity, and one novel variant allele (Table 2).
Some of these variants was repeated in more than one
patient.

Sixteen variants were identified in TP53 gene (55.2%)
in six trastuzumab-resistant patients, these variants were
mainly distributed in exons 6, exon 7, and exon 9. Five
variants were identified in ATM gene (17.2%) in three
resistant patients, they were located mainly in exon 38
and exon 54. In addition, two RBI variants (6.9%) located

in exon 17 and exon 22 were identified in three resistant
patients. Four resistant patients were found to harbor
the remaining six variants that were identified in CDH1,
GNAS, MLH1, SMARCBI, SMO, and VHL genes (20.7%).

Interestingly, four variants were found to be repeated
in more than one resistant patient. Two variants were in
TP53 gene; a likely pathogenic variant p.Ser241Phe in
exon 6 that leads to replacement of serine at codon 241
by phenylalanine [20], this variant was identified in two
resistant patients (No. 1 and No. 2). Another splice site
variant ¢.376-2dup, which affects mRNA splicing result-
ing in abnormal protein. This variant was identified in
two resistant patients (No. 2 and No. 6). It was reported
to have conflicting interpretations of pathogenicity with
mainly uncertain significance [21]. The third variant was
in ATM gene; p.Vall941Leu and was identified in two
resistant patients (No. 5 and No. 7). It is located in exon
38 with conflicting interpretations of pathogenicity. It
results from a G to C substitution at nucleotide position
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Fig. 1 Pie chart showing frequency of genetic variants in
HER2-positive breast cancer patients

5821 which replaces valine by leucine at codon 1941 [22].
The last variant is a pathogenic RBI variant p.Arg556Ter
located in exon 17. It was identified in two resistant
patients (No. 2 and No. 3). It is a nonsense variant that
results from replacing C by T nucleotide at position 1666
leading to a premature stop codon at codon 556 [23].
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is replaced by aspartic acid at codon 384 [24]. It was iden-
tified in resistant patient (No. 3) who was diagnosed with
Luminal B (ER+, PR+, HER2+) breast cancer in stage
IITIA and grade II. This patient underwent surgery and
received Adriamycin, Cyclophosphamide, Taxol, Tamox-
ifen and Herceptin. However, she developed pulmonary
metastasis and died later. SMARCBI p.Argd0Ter is a
nonsense pathogenic variant within exon 2 which results
in a premature translational stop signal at codon 40 of
SMARCBI gene [25]. It was identified in resistant patient
(No. 9). Lastly, SMO p.Trp535Leu is also a pathogenic but
missense variant located in exon 9 [26] which was identi-
fied in resistant patient (No. 5).

Furthermore, a novel allele (c.407A > @G, p.Gln136Arg)
within exon 4 in TP53 (rs1567554216) was identified
in resistant patient (No. 1). TP53 p.GIn136Arg is a mis-
sense variant where amino acid glutamine is replaced by
arginine at codon 136 (Q [CAA] >R [CGA]) of the TP53
protein due to A to G substitution at nucleotide position
407. Resistant patient (No. 1) was diagnosed with HER2-
enriched breast cancer (ER—, PR—, HER2+) in stage IIIA
and grade II. She was first diagnosed with a right breast
mass lesion and right axillary lymph node metastasis
to which she underwent radical mastectomy and treat-
ment with Adriamycin/ Cyclophosphamide, Taxotere,
and Herceptin. However, 1 year later she developed a
local recurrence with skin infiltration. Genetic analysis of
this patient identified seven TP53 variants (p.Ser241Phe,

In addition, we identified three variants in MLHI, pThr2l1l=, p.Cys135Gly, p.Arg248Leu, p.Arg249Ser,
SMARCBI, and SMO genes. These genes were only p Gly302ArgfsTerd, and p.GIn136Arg), four ATM vari-
mutated in the resistant group. MLHI p.Val384Asp isa ants (p.Gly2709Ser, p.Pro2699Leu, p.Pro3050Leu,
missense benign variant located in exon 12, where valine
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Fig. 2 The mutational prevalence of the studied genes in HER2-positive breast cancer patients (n=24)
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Fig. 3 AVenn diagram showing distribution of genes in HER2-positive breast cancer patients
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61.4%

Fig. 4 Pie chart showing frequency of genetic variants in
trastuzumab-sensitive patients

and p.Lys1692Asn),
p.-Argl32His.
Resistant patient (No. 2) was diagnosed with HER2-
enriched left breast cancer (ER—, PR—, HER2+) in
stage III and grade III. She received systematic treat-
ment. Unfortunately, 10 months later, she complained
of neurological symptoms (numbness and tingling),
MRI Brain with GAD revealed metastatic deposits, and
additionally, CT chest revealed pulmonary metastatic

CDH1 p.JVal85Ala and IDHI

SMARCB1 SMO VHL
1 2%

Fig. 5 Pie chart showing frequency of genetic variants in
trastuzumab-resistant patients

nodules. The genetic analysis revealed five TP53
variants (p.Cys135Gly, p.Ser241Phe, p.Arg249Ser,
p-Arg248Leu, and a splice site variant c.376-2dup),
ATM p.Arg3008Cys, IDHI p.Argl32His, and RBI
p-Arg556Ter. Most identified variants were pathogenic
and likely pathogenic (75%) and three variants (TP53
p.Ser241Phe, TP53 ¢.376-2dup and RBI c.1666C>T)
of which were only repeated in other resistant patients.
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Discussion

HER2-positive breast cancers account 15-20% of all
breast cancer cases and show aggressive course and a
poor prognosis [2, 3]. Currently, there are many FDA-
approved HER2-targeted therapies including mono-
clonal antibodies (e.g., trastuzumab and pertuzumab),
antibody—drug conjugates (e.g., T-DM1 and DS-8201),
and small-molecule HER1/2 TKIs (e.g., lapatinib, ner-
atinib, and tucatinib) [27]. Trastuzumab (Herceptin) is
the first FDA-approved and is key for treatment of HER2-
positive breast cancer [28]. Although trastuzumab sig-
nificantly improves disease-free survival (DFS), about
25% of patients with early-stage HER2-positive breast
cancer disease will relapse after trastuzumab treatment.
It may be attributed to the mutation of the target itself
after anti-HER2 treatment with down-regulation or loss
of HER2 expression, which leads to changes in drug
binding or mutations in the HER2 downstream intracel-
lular signaling pathways which when activated, promote
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tumorigenesis such as PI3K/ AKT/mTOR pathway [27,
29].

In the era of individualized precision medicine, the
application of NGS allows the detection of genetic aber-
rations, which could serve as potential biomarkers for
predicting trastuzumab resistance. Consequently, these
markers can separate patients who would benefit only
from monotherapy from high-risk patients who require
combination therapy with adjustment of treatment plans,
to ensure favorable prognosis and effectively reduce the
treatment cost and side effects [11, 30, 31]. A number
of adverse events have been linked to the use of trastu-
zumab, including acute cardiac toxicity, minor hema-
tologic deficiencies, gastrointestinal symptoms, and
pulmonary symptoms [32]. In case of trastuzumab resist-
ance, other drugs can be used such as small molecule
TKIs either alone or with monoclonal antibodies, or an
ADCs. The second-generation monoclonal antibody
margetuximab has been also approved by the FDA for
use with chemotherapy for the treatment of previously
treated metastatic HER2-positive breast cancer [27].

NGS platform was used in the current study to survey
genetic mutations in selected genes that could confer
resistance to trastuzumab therapy using FFPE samples.
Genetic analysis revealed the presence of 107 genetic var-
iants in HER2-positive breast cancer patients. The most
frequent genetic variants were found in TP53 gene, fol-
lowed by VHL and ATM genes.

By comparing the genetic variants in the sensitive
group to the resistant group, 29 variants were identi-
fied in nine genes (ATM, CDHI1, GNAS, MLHI, RBI,
SMARCBI, SMO, TP53, and VHL) in nine patients that
only occurred in trastuzumab-resistant patients and
could be associated with resistance to anti-HER2-tar-
geted therapy. The most frequent variants were identified
in TP53. Pathogenic and likely pathogenic TP53 variants
were found to be more frequent in the resistant group
compared to the sensitive group.

Similarly, Ye et al. studied the response to trastu-
zumab using 24 cfDNA samples from 20 patients with
HER2-positive metastatic breast cancer. They reported
that genetic variants in TP53 gene were among the
most frequent genetic variants in their study [33]. p53
signaling pathway is activated when cells are under
stress such as DNA damage. Upon activation, p53 pro-
tein works as a transcription factor that transactivates
multiple target genes that initiate cell cycle arrest,
apoptosis, DNA repair and inhibit metastasis [34, 35].
Breast cancer is actually reported to be the most com-
mon cancer (25.5%) in women with pathogenic TP53
mutations [36, 37]. Moreover, the percentage TP53
mutations could reach 70% of HER2-positive breast
cancer patients both correlating with a poor prognosis
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[38—40]. TP53 loss of function mutations were found
to be associated with resistance to cytotoxic anticancer
drugs in breast cancer patients [41]. However, Fountzi-
las et al. reported that p53-mutated tumors had longer
disease-free survival in patients treated with trastu-
zumab compared to patients not treated with the drug
[42]. Therefore, they suggested that the combination of
HER2-targeted drugs with anti-mutp53 therapy could
provide a synergistic effect in treatment of HER2-pos-
itive breast cancer patients [40].

Interestingly, two variants in TP53 gene were found
to be present in more than one resistant patient;
p-Ser241Phe and c¢.376-2dup. p.Ser241Phe is a likely
pathogenic variant located in exon 6, it was identified
in two resistant patients. It was previously reported by
Chang et al. in breast cancer patients [43]. c.376-2dup is a
splice site variant that was previously reported by Hauke
et al. in breast cancer [44]. It was found in two resistant
patients in our study. However, the implication of these
two variants in treatment response is not clear.

We also identified a novel allele (c.407A>G,
p.GIn136Arg) within exon 4 in 7TP53 variant
(rs1567554216) in one resistant patient. The variant
rs1567554216 was reported in Li—Fraumeni syndrome
but with allele (c.407A>C, p.GIn136Pro) where glu-
tamine is replaced by proline at codon 136. The latter
variant TP53 p.GIn136Pro is considered of uncertain sig-
nificance [45-47].

Our results showed that ATM mutations were more
frequent in resistant patients compared to sensitive
patients. ATM variant p.Vall941Leu in exon 38 was
found in two resistant patients. It was reported to cause
reduced ATM protein level and kinase activity [48]. ATM
works as a tumor suppressor gene with a central role in
DNA damage response due to double-stranded breaks
[14]. ATM mutations were found to be associated with
an increased risk of breast cancer and ATM loss of func-
tion was reported in familial breast cancer patients [22,
49, 50]. Stagni et al., reported that ATM protein activ-
ity could enhance HER2-dependent tumorigenicity and
ATM works as a novel modulator of HER2 protein stabil-
ity by preventing HER2 degradation. They also reported
that ATM inhibition or loss of function could induce tras-
tuzumab resistance [14].

Moreover, a pathogenic variant RBI p.Arg556Ter in
exon 17 was found also in two resistant patients. How-
ever, this variant was mainly reported in retinoblastoma
[51, 52]. RBI1 is a tumor suppressor gene that is mutated
in several types of cancer [53]. RBI gene under-expres-
sion was actually reported to promote breast carcinogen-
esis [54]. Moreover, RB pathway is frequently altered in
HER2+ tumors [55]. Risi et al. [15] suggested that RBI
loss of function gene signature (RBsig) could predict
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response to neoadjuvant chemotherapy in combination
with trastuzumab, lapatinib or both in breast cancer.

In addition, we found three genes MLHI, SMARCBI,
and SMO that were only mutated in the resistant group.
p.Val384Asp in MLHI gene is a benign variant, how-
ever, Lee et al. [56] reported that this variant has high
prevalence in HER2-positive luminal B breast cancer
which is correlated with breast cancer molecular sub-
type in our patient harboring this variant. Chiu et al.
[24] also stated that MLHI p.Val384Asp is associated
with poor response to EGFR tyrosine kinase inhibi-
tors but in patients with lung adenocarcinoma. Qing Ye
et al. reported MLHI as Herceptin resistance-associated
gene. They identified four MLHI variants (p.Phel55Ser,
p.GIn168Lys, p.Vall43Asp, and p.Ser160Asn) only pre-
sent in Herceptin-resistant HER2-positive breast cancer
patients [33]. The activity of the mismatch repair sys-
tem is crucial for removal of several polymerase errors,
including base substitution and insertion-deletion mis-
matches that can form during the replication [57]. Loss
of function of MLH1 gene was reported to be associated
with resistance to anticancer drugs and poor disease-free
survival [58].p.Argd0Ter variant in SMARCBIgene is a
pathogenic variant that was reported to have a predis-
position to various cancers but mainly rhabdoid tumors
[25]. SMO p.Trp535Leu is a missense pathogenic vari-
ant, it was reported by Xie et al. [26] but in basal cell
carcinoma. SMO gene is one of the genes in Hedgehog
(HH) signaling pathway whose expression correlates with
tumor size, metastasis, and recurrence. Thus, it can be
targeted by SMO inhibitors which are investigated for
treatment of breast, liver, and colon cancer. However,
SMO mutations can cause resistance to these inhibi-
tors [59, 60].p.Arg201His variant was detected in GNAS
gene in one resistant patient. It is a pathogenic variant
that was previously reported in breast cancer [43]. GNAS
gene was one of the anti-HER2 therapy resistance-asso-
ciated genes reported by Qing et al. who detected
seven GNAS variants (p.Argl86His, p.Aspl81Gly,
p-Asn203Ser, p.Arg2l6Leu, p.Met206Val, p.Arg216Cys,
and p.Asp214Asn) only present in Herceptin-resistant
breast cancer patients [33]. GNAS was found to induce
breast cancer cell proliferation and metastasis through
the PI3BK/AKT/Snaill/E-cadherin signaling pathway [61].

We also identified some other variants (7TP53
p-Pro3050Leu, TP53 p.Val272Met, TP53 p.Phe270Leu,
TP53 p.Arg337Pro, and TP53 p.Ille254Va) in the resistant
group that have been previously reported in breast can-
cer [43, 62, 63]. However no association with treatment
was found.

Moreover, 11 common genetic variants were identi-
fied in four genes (TP53, IDHI, ATM, and GNAS) in
both sensitive and resistant groups. Eight variants were
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in TP53 gene (p.Cys135Gly, p.Glu349fs, p.Arg248Leu,
p-Pro278Ser, p.Asp281Ala, p.Arg249Ser, p.Ser127Phe,
and p.Arg280Gly), three variants in IDHI gene
(p-Argl32His), ATM gene (p.Arg3008Cys), and GNAS
gene (p.Arg201Cys). Interestingly, Chang et al. [43]
reported the same seven variants (TP53 p.Cys135Gly,
TP53 p.Arg248Leu, TP53  p.Pro278Ser, TP53
p-Asp281Ala, TP53 p.Arg280Gly, IDHI p.Argl32His, and
GNAS p.Arg201Cys) in breast neoplasm in their study.
The similarity of results could highlight the pathogenic
contribution of these variants in breast cancer specifically
TP53 variants that cause dysregulated p53 signaling path-
way which is an early incident in breast tumorigenesis
[35]. In addition, TP53 variant p.Glu349fs was reported
to be associated with response to PARP inhibitors but in
prostate cancer [64].

The main limitations of this study were the small num-
ber of cases included, and lack of study of the underlying
molecular mechanisms by which the detected variants
can cause trastuzumab resistance. Therefore, we rec-
ommended future studies with a larger sample size to
confirm the association between the detected genetic
variants and trastuzumab response and to study the
mechanisms by which the detected variants could affect
trastuzumab response in order to discover new therapeu-
tic targets. In addition, we recommend to study the asso-
ciation between genetic variants and other anti-HER2
drugs.

Based on previous findings, we concluded that targeted
next-generation sequencing is a useful tool to detect
DNA mutations that could have clinical utility in pre-
dicting response to anti-HER2-targeted therapy allow-
ing individualized treatment regimens for HER2-positive
breast cancer patients.
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